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SUMMARY

This research on the pressure variations in the injection system of the N. A. C. A. Spray
Photography Egquipment and on the effects of these rariations on the motion of the timing ralve stem
was undertaken in connection with the study of fuel injection systems for high-speed oil engines.
The Spray Photography Equipment employed for these tests consists of a fuel injection system for
producing an oil spray, an electrical spark system for illuminating the spray, and a photographic
camera for recording its derelopment. The fuel injection system contains a high-pressure hand
pump for producing the injection pressures, an oil reservoir for maintaining the pressures of the
fuel during the injection, a timing ralre for timing the start of the oil spray, an injection valre for
atomizing the oil, and a by-pass valre for controlling the cut-off of the spray. Additions were made
to the apparatus in order to record the motion of the timing ralve stem photographically.

The timing valve stem was held against its seat by a helical spring so adjusted that the tofal
hydraulic force on the stem actuated it immediately after it had been mechanically lifted from its
seal. The lift of the stem was recorded photographically to determine the effects of injection tubes
7 inches and 48 inches long. The pressure rariations at the seat and in the injection valre tubes
were analyzed and the lifts of the stem for both tubes computed from the analysis and compared
with the experimental records.

The calculations indicate that the hydraulic pressure at the timing valre seat was rising at a
rate of 860,000,000 pounds per square inch per second when the timing rvalve stem had been lifted
0.004 inch, and that the hydraulic pressure throughout the tube did not approzrimate that of the oil
in the reservoir until 0.0028 second after the timing valre started to open with the 43-inch tube and
0.0008 second with the 7-inch tube. The calculations and experiments indicate that after the by-pass
valve started to open the hydraulic pressure in the tube dropped to the closing pressure of the timing
valee in 0.0018 second with the 48-inch tube and in 0.0004 second with the 7-inch tube. The photo-
graphic records of the stem motion show that the stem reached the maximum liff approximately 0.001
second later with the 48-inch tube than with the 7-inch tube, and that the valre stem seated 0.0005
second later with the 48~inch tube than with the 7-inch tube.

The general equation for the motion of the stem of a spring-loaded valve when the motion is
controlled by hydraulic pressure 18

d’s
f= )\'H-mdt’

where f=hydraulic force on the stem at any time t seconds after the start of motion plus or minus
the friction of the stem in its guide,
N=scale of spring,
§=compression of the spring at any time t seconds after the start of motion,
m=mass of moring parts.

The methods of analysis of the pressure rariations and the general equation for the motion of
the spring-loaded stem for the timing valve are applicable to a spring-loaded automatic injection
valve, and in general to all hydraulically operated valves. A sample calculation for a spring-loaded

automatic injection valve ig included.
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INTRODUCTION

The design of an efficient, smooth-running, high-speed oil engine requires careful study of
the operation of its fuel injection system. Of the two types of injection systems generally used—
air injection and hydraulic pressure injection—the hydraulic pressure system is particularly
adaptable to the high-speed oil engine. There are two types of hydraulic pressure injection
systems, one using a mechanically operated injection valve, and the other a hydraulically
operated or automatic injection valve. Most fuel injection systems using automatic injection
valves are fitted with an injection tube a foot or more in length between the injection valve and
the fuel pump. The oil in this tube, with few exceptions, is subjected.to high pressures only
during the injection period. The instantaneous pressures at the injection valve are not-the same
as those in the fuel pump because of the campressibility of the oil within the injection tube, the
elasticity of the injection tube walls, and the inertia of the oil.

The form and penetration of a fuel spray from an injection valve depend largely on the
hydraulic pressure variations in the injection valve during the injection period. The pressures
under which the injection valve operates are affected to a large extent by the compressibility
of the oil within the injection tube, the elasticity of the tube walls, and such pressure

B ve: Reservoir E. Injection valve WAYES 88 may occur in the injection system.
3, Pi;ggj:ev;azeg,e; T Y ke, These pressure variations can be approximately
C, Mirror attachmenty I inifiol pressure . determined by analyzing the effects of injection
L, Timing valve; ool valve tube length and bore, residual pressure in th
Hydraulic 8 1 e .u. N .eng . o . e P u . e
i cE o X injection tube, injection pressure, and different
pumg _ _rates of pump displacement. No experimental
= or theoretical data, so far as is known, have been
' published on these variations of pressure during
the period of injection.

" suppty = tank Investigations have been started at the
FioURE 1.~Dlagrammatic arrangement of spparatus for Langley Memorial Aeronautical Laboratory at
production and contxol of spray Langley Field, Va., for the purpose of studying

these pressure variations in the injection system of the N. A. C. A. Spray Photography Equip-
ment. (Reference 1.) This injection system consists of an oil reservoir into which the fuel oil
is pumped under hydraulic pressures up to 8,000 pouids per square inch, a timing valve to
release the oil under pressure from the reservoir to the injection valve, an injection-valve tube
connecting the timing valve to the injection valve, and the injection valve from which the oil
is'sprayed into the spray chamber.

This report covers an investigatioh of the pressure variations in this injection system in which
the motion of the timing valve was determined experimentally when its lift was controlled by
the hydraulic pressure of the oil in the reservoir. The purpose of this investigation was, first,
to determine how closely the actual motion of the timing-valve stem approached the motion
of the stem as it was computed from an analysis of the pressure causing the stem to lift, and,
second, to determine the effect of the length of the jpjection-valve tube on the pressure varia-
tions at the timing valve. The timing-valve stem was held against its seat by a helical spring
so adjusted that the stem was actuated by the oil pressure after ithad been lifted approximately
0.001 inch from the seat by a cam-operated rocker arm. Thus the operation of the timing
valve under this spring load was similar to that of & spring-loaded automatic injection valve.

APPARATUS AND METHODS

The N. A. C. A. Spray Photography Equipment (reference 1) consists of a fuel-injection
system for producing the oil spray, an electrical-spark system for illuminating the spray, and
a photographic camera for recording its development. The fuel injection system (fig. 1)} con-
tains a high-pressure hydarulic hand pump for producing the injection pressures, an oil reser-
voir for maintaining the pressure during injection, a timing valve for timing the start of injec-
tion, an injection valve for atomizing the oil, and a by-pass valve for controlling the cut-off of
the injection.
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The timing valve (fig. 2) is a spring-loaded needle valve operated by 8 cam and a rocker
arm. One half of a clutch similar to the type used in punch presses is rigidly atteched to a
shaft that is driven by an electric motor at 950 r. p. m. The other half of the clutch is mounted
on the cam shaft and engages the first half when a trip lever is struck. The two halves of the
clutch remain engaged for one revolu-
tion of the cam shaft causing a com-
plete cyele of the operation of the ,
injection system to take place. T

Additionsal apparatus was in- 1 s
stalled (fig. 3) in order to record the
motion of the timing valve stem NN
photographically. A pivoted mirror Aol _ RN To injection
was connected to the outer end of NN valve
the timing valve stem by a lever arm.
A beam of light from a point source
was focused on this mirror by a lens
and was reflected onto a photographic
film mounted on a drum which was
rotated by an electric motor at a
speed of 3,400 r. p. m. Any motion
of the stem changed the angle of the
mirror and the position of the re-
flected beam of light on the film.
The motion of the stem during the
operation of the valve was thus record-
ed on the film as a continuous line.

It was desired in this research to investigate the pressure variations at the timing-valve

" To irlief pressure
confrol valve.

R
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" FIGURE 2.—Timing valve mechanism

seat and in the injection tube as well as the motion of the timing valve stem. Consequently,

the spring force on the stem was adjusted so that it was less than the hydraulic force on the
stem when the valve was opened but still held the stem against the seat with sufficient force
to prevent leakage of the fuel when the
valve was closed. The hydraulic force on
the stem from the injection pressure used in
- these tests was 153 pounds when the valve
was opened and 67 pounds when the valve
was closed. A spring force of 132 pounds

—

Poinf source \of light

CiH Under these conditions the hydreulic force
* actuated the stem after the cam had lifted it

Timing valve
Film drum
ay,

sufficiently to permit the oil pressure to build

I~ up around the seat and end of the stem. The

g:gezef arm, rocker arm (fig. 2) was adjusted with a clear-

¢ Veriieal Shoft ance of 0.001 inch between it and the spring

=~ g, Mirror follower when the valve was closed so that
£, Adjusting screw

the entire spring force acted upon the seat.
FIGURE 3.—Apparatus for recording the motion of the timing valve The test procedure was similar to that
e e o labt ot e 7108 ™ ysed in the tests on injection valves with this
apparatus. (Reference 1.) The pressure was

raised by means of the hydraulic hend pump to 1,000 pounds per squere inch in the injection
valve tube and to 8,000 pounds per square inch in the oil reservoir. The rotating half of
the clutch and the film drum were brought to the test speeds. The beam of light was
focused on the mirror. The clutch trip lever was struck, the clutch engaged, and the
cam shaft made one revolution. Qil passed through the opening between the stem and the

was found sufficient to prevent leakage.
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nozzle seat of the timing valve as the rocker arm lifted the stem and the oil pressure built up

around the seat and end of the stem. As soon as the hydraulic force exceeded the spring force,"

the stem lifted at a faster rate than that-produced by the cam. The oil passed through the
timing valve into the injection valve tube, forced the injection valve open and sprayed into the
spray chamber. A second cam opened the by-pass valve 0.0043 second after the timing valve
stem was put in motion, the pressure dropped in the injection tube, and the injection valve
closed. . —

A record was taken of the motion of the timing valve stem as produced by the cam alone
with no oil in the system, so that the start of the motion produced by the hydraulic pressure
might be obtained. The force acting on the rocker arm at the start of the motion was increased
67 pounds when no hydraulic pressure was used in the system. The effect of the rocker arm
deflection on the lift of the stem due to this difference of force was found by both computations
and experiment to be 0.0006 inch. Corrections were made for the rocker arm deflection in order
to compare this record with those produced by the hydraulic pressure.

EXPERIMENTAL RESULTS

A photographic record of the motion of the timing valve stem with the 7-inch injection
tube is shown in Figure 4. The time is recorded horizontally and the lift vertically. The hori-
zontal line represents zero lift. The velocity with which the stem was lifted is seen to have
increased during the first part of the opening of the valve and then to have remained practically
constant until the maximum lift-was reached. This maximum lift, due to the inertia of the

FiGURE 4£—Record of the timing valve stem motlon. Tube length 7 inches. Injection
pressure 8,000 Ib./sq. in. " Initial Infection tube pressure 1,000 1b./sq. in.

moving parts of the valve, was greater than the lift at which the restoring force of the spring
was in equilibrium with the hydraulic force.. The resulting harmonic motion produced by this
effect was damped out by the reversal of the friction of the stem in its guide and by the inertia
of the oil. The stem then remained in the position at which the spring force, hydraulic force,
and friction were in equilibrium. This part of the curve has a slight downward slope because
of the discharge of the oil from the reservoir. The pressure in the system was released after an
interval of 0.0043 second by the opening of the by-pass valve. As the pressure across the timing
valve seat dropped the stem was forced back by the valve spring to the closed position. The
rate of closing of the valve was controlled by the spring force, the rate-of pressure drop, the
inertia of the moving parts of the valve, and the friction of the stem in its guide. The stem
rebounded after the impact against its seat since the excess of spring force over the hydraulic
force at this time was smoall. .

The record shown in Figure 4 is reproduced in curve (a) (fig. 5), with the coordinates of
time and lift. Curve (b) (fig. 5) is a reproduction of a photographic record of the stem motion
with the 43-inch injection tube. Curve (c) (fig. 5) is a reproduction of a record of the stem motion
produced by the cam alone. The variations between curves (a) and (b) are caused by the
effects of the injection tube lengths on the volumes of the oil in the tubes and the distance of
pressure wave travel, since all other test conditions were maintained constant. 'The difference
between the rates of opening of the valve for the two injection tubes indicates that with the
shorter tube and smaller oil volume the pressure at-the timing velve seatand across the end of
the timing valve stem increased faster than with the longer tube. The meximum lift is greater
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with the 7-inch tube because of the higher velocity of the stem as indicated in Figure 5, The rate
of closing of the timing valve is approximately the same for both tubes. However, with the
7-inch tube the valve closed about 0.0005 second earlier than with the 43-inch injection tube,
although the by-pass valve opened at the same time for both tubes. The curves show that the
velocities with which the stem came in contact with the seat, points A and A’, were comparatively
high and that the valve stem rebounded from the seat.

.030
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F1avee 5.—Effect of Injection valve tube length on the lift of the timing valve stem.
~ Injection pressure, 8,000 Ib./sq. In. Initial pressurs in the Injection valve tube, 1,000
ib./sq. in. Curve a—tube length 7 Inches, Inside diameter }§ inch; corve b—tube
length 43 inches, inside diameter ¥4 Inch; curve c—stem motlon imparted by the cam

The experimental records do not give exact measures of the pressures existing at the timing
valve seat and end of the stem while the stem was in motion because of the friction and inertia
of the moving parts. They do, however, give a direct comparison between the different test
conditions. The straight-line portion of each curve is 2 measure of the maximum pressure and
the friction, since the maximum pressure at the valve seat was maintained for a short time.

ANALYSIS OF PRESSURE VARIATIONS—COMPUTATIONS OF THE VALVE-STEM MOTION

A mathematical analysis can be made of the pressure variations in the timing valve and
in the injection valve tube from which the motion of the timing valve stem for given test con-
ditions can be spproximately computed. The motion of the stem may be divided into two
parts—first, the motion imparted by the cam, and, second, the motion imparted by the hy-
draulic pressure. The motion is imparted by the cam until the hydraulic force exceeds the
spring force by an emount sufficient to give the stem a faster rate of lift than that given by the
cam. The time required for the hydraulic force to reach this value can be computed from the
test conditions and from s consideration of the flow of a liquid between two parallel planes
moving away from each other. These computations will be greatly simplified if it be consid-
ered that the seat and the end of the stem are extended to form complete cones, that the oil
in the injection tube does not affect the rate of pressure rise between the seat and stem, and
that the pressure rises across the end of the stem at the same rate as at the smallest circum-
ference of the seat. The hydraulic pressure p» at any point on the conical surface of the seat
at a distance ! from the apex of the cone, under these conditions, is given by the equation

_p 3V
p=PF R? cos? (4)

where P =pressure at the larger circumference of the seat,
p=viscosity of the fuel oil,
V' =velocity at which the stem is lifted from its seat,
h=stem lift or opening measured parallel to the stem axis,
a=angle the conical surfaces of the seat make with a plane perpendicular to the stem
axis, and
l,=distance from apex of cone to its base measured along the conical surface.

Consider the flow of a liquid between two fixed parallel planes, separated by a distance &
(fig. 6), with the pressure gradient extending in the directions X and Y. The flow per unit
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width in the directions X and ¥, respectively, when % is small, is given by equations (1) and (2)
(reference 2),

[ o .
U=1—# a—zu—z . : (1)
. .
T 12p oy @

in which U and T are the respective rates of flow, u the viscosity of the fluid, and p the unit
pressure. At the timing valve seats (fig. 7) there are two. conical surfaces moving away from
each other. Consequently, there is an excess of inflow over outflow to supply the increase of
volume between the surfaces. The pressure p between the seat and stem for any lift of the stem
h veries from a maximum at r, to a minimum at the apex of the cone formed by extending the
seat. Consider a differential volume (fig. 7) extending between the seat and stem and contained
between two planes normal to the conical surfaces at distances [ and I+ & from the apex of the
cone, and between two planes that intersect-along the axis of the stem making a small angle 50
radians on the surfaces. When the stem moves from the seat at a velocity V;, measured normal

- | 7
- 166, o
. .. hl‘l & 51"
. a - f h ’/
L N Ay .
Y/ _ S ,\_l ¢

FIGURE 6 i FIGURE 7.—Timing valve seat

to the seat, the rate of increase of volume is V,8ll66. This rate of increase in volume is also
equal to the rate of increase in inflow. Equating the rate of increase of volume to the rate of
increase- of inflow obtained from equation (1),

7 . hl 92
Sllso= 15 3 Zae] i 3)
This reduces to . VZ — _ S -
12 b
i Zaz] (30)
Integrating (3a), - )
6 e} '
—h;r‘-‘=-z5§ e (4)
when [ =0, %ZZZ=O. Substituting these values in equation (4) it-is found that
01 = 0,
so that equation (4) becomes
dp 6uV,
a_%? = N“_l - . . (48)
Integrating again, _ o . .
vp
p=3ﬂ lsll + Og (5)
when I=1,, p=P. Substituting : A
01=P 3#7:21Z2
1
and
3/.(. VI

-1 (52)
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If Vis the rate at which the stem islifted from the seat, measured parsallel to the stem axis, then

Ti=Fecos a,
and from Figure 7,
hi=h cos a.
Equation (5a) then becomes
3V B
p=P-ptl— a2-1). . (5b), (4)
The pressure p, at r; for any Lift  is
3 ¥
PP oo e WL - (5c)

For the timing valve stem « is 80° 1, is 0.054 inch, ; is 0.072 inch, and the pressure P
at ry is the injection pressure of 8,000 pourds per square inch. Experiments in this laboratory
showed that at atmospheric pressure and 60°
F., the viscosity of the Diesel oil used was 45
Saybolt seconds, corresponding to 0.000106 8000 Liftn 1
pound-second per square foot. (Reference | K rine
3.) The viscosities of oils of similar prop- 7000 /
erties to the Diesel oil employed in this in- f /
vestigation (reference 4) are, for the average I /
I

pressure of these calculations, between three
and four times their viscosities at atmos-
pheric pressure and temperature. Thevalue £ sggg
of three times the viscosity of the Diesel oil
at 60° F. and atmospherie pressure was used
for p. Substituting these valuesin (5¢), - ¥<000

5

 yaues 2
pi=1,152,000—0.00127 , 0-072)°— (0.05¢) %
6) &

h? 144
where p; is in pounds per square foot, ¥ in
feet per second, and A in feet. 2000
The values of ¥V and % are obtained for
any instant from an enlargement of & record

of the cam-imparted motion of the stem. faca :
The spring end of the stem, because of the ' :
compression of the stem by the spring, was 0 50GI0 0020 00030
lifted 0.00157 inch before there was any Time, secords

a 0o/ 0020 .0030

actual opening between the seat and stem.
The time required for this lift was 0.00028
second. Comnsequently, the exact values of
¥ and R for the tip end of the stem at the start of its lift could not be determined. It was
assumed, however, that these values were the same as those of the spring end of the stem when
T  and %, as taken from the motion of the spring end of the stem, gave p greater than zero.

The pressure rise at [; as the stem lifted from the seat, obtained from equation (8}, is plotted
in Figure 8. The curve shows that the pressure at the smallest circumference of the stem was
97.5 per cent of the reservoir pressure 0.00011 second after the stem left the seat. The corre-
sponding Lift between the seat and stem was 0.00085 inch.

Liff between sferm and seaf, inches
FIGCRE 8.—Pressure yariation at seat

The viscosity of the fluid has béen treated as a constant in the derivation of equation (5c);-

actually the viscosity varies with the pressure. (Reference5.) Since equation (5¢) is intended
to give only the order of magnitude of the pressure variations and since the value chosen for the
viscosity of the Diesel oil may be in error by as much as 100 per cent, it is believed that the
further complications infroduced by considering u as a function of p are not justified.
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The hydraulic force on the stem was of sufficient magnitude 0.00011 second after the stem
was lifted from the seat to lift the stem at & faster rate than that caused by the cam. The
conditions under which the stem was actuated at this time were:

Hydraulic force on stem=153 pounds.

Spring force.on stem, 132 pounds+ (0.00085 mch+0 0157 mch) 1, 000 pounds per inch=1356 pounds
Friction between stem and guide (obtained with spring balance with no pressure in valve) =5 pounds.

Weight of moving parts=0.130 pound.
Velocity of stem=8.4 inches per second.

Lift of spring end of stem, 0.00085 inch+0.00157 inch=0.0024 inch.

Time spring end of stem had been in motion (0.00011 seconid+-0.00028 second) =0.00089 second.

Spring seale: Compression (by test)=1,150 pounds per inch; expansion (by test)=1,125 pounds per inch.
Compression of spring, 0.115 inch+0.00085 inch+-0.00157 inch=0.1174 inch.

The equation for the motion of the stem when actuated by the hydraulic force is

k= VPN (mod—2 fo + 2s)%)

in which

where

B)

s,=compression of spring at beginning of cil imparted motion,

s=any distance spring is compressed greater then s;,

t; =time of travel to s,
t=time of travel to g,

m=mass of moving parts,
r=scale of spring,

f=hydraulic force on the stem minus friction of the stem in its guide, and

=velocity at g.

Equation (B) is obtained from the general relation between force, mass, and acceleration,

F=ma

™

in which F is the resultant force acting at the stem at the time ¢, and a is the acceleration of the
stem. The force F is equal to the difference between_bhe force f and the restoring force of the

spring,
ma=f—Xs, (7a)
and
a=lZhe (7b)
Since o . . o } _
_dv d _ds
a—zﬁi an ﬂ—-'_a?!
vdv=ads . (8)
in which v is the velocity at s. L
Substituting (7b) in (8) T L
ado= — A ds (8a)
Integrating between the limits of » and v,
M=f(s 8)— (32_31))‘ . )

2

m
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Solving (9} for » and equating to ds/df,

\/ L+ 7R (92)

mmm

Integrating again between, the limi{s of s and s,,
t=t1+\/ T gins Q0)_gip ﬁ}‘c:ﬂ] (10), B)
Equation (10) becomes, on substituting numerical vealues:

£=0.00039 + —= [sin~!(78.6s— 10.1) — 1.65x] (10)

1849 [sin
where { i3 in seconds and s in inches. Equation (10a) represents the time of motion of the timing
valve stem in terms of compression of the spring. 'The lift of the stem S, is at all times 0.115
in. less than the compression of the spring. Seolving for S,

§=0.0135+0.0127 sin (4.46+1848) . oy

The curve for the variation of stem hft with time from equatxon (11) is plotted in Figure 9,
curve e, and Figure 10, curve f,

for the 43—mch and 7-nch tubes, ) | | l l

respectively. The curves show %Y ) “ape'Z,’ engopdy s#i(4.46 + IB45Y

that the stem reached its maxi- @ . N

mum lift of 0.026 inch after the E,azo /LC ¥ = ‘\

stem had been in motion 0.0018" X p AY

second. The stem traveled to a = Vs Loging peciod I —)

higher maximum lift then would §-% 0083 sinfB2é) |

have been cbtained from the hy- “© | v Ay

draulic force alone, because of MNATN o

the inertia of the moving parts. g oa .00z "’ag-,,,%ﬂiﬁmgiﬁ 006 007 .008

The stem t'hen retu'rned to the -FiatrE 9.—Computed and sctual motion of the timing valve stem with the 43-Inch tubs. -

position at which the hydraulic  Initial spring compression, 130 pounds. Injection pressure, £000 Ib/eq. fn. Inltlal
force plus the friction of the stem P In to felection valve tube, 1000 TboJeq. fn. Curve e—computed motion;
in its guide were in equilibrium

with the spring force. The static pressure in the oil reservoir and consequently the hydraulic
force on the valve stem was continually reduced by the flow of oil through the timing valve.
This flow supplied the oil for the compression of the oil in the injection valve tube, for the
expansion of the tube walls, and for the discharge through the injection valve.

Computations for the 43-inch injection tube (appendix) show that the compression of the
oil in the tube was completed in 0.0032 second and that the pressure in the oil reservoir was
7,830 pounds per square inch at that time. The forces on the stem with this pressure were in
equilibrium at & lift of 0.022 inch. Consequently, the computed curves passed through the
point whose coordinates were 0.0032 second and 0.022 inch. The discharge of oil through the
injection valve for both tubes caused a drop of static pressure which gave the computed curves
a downward slope of 0.0005 inch for each 0.001 second. Therefore, a line was drawn for the
43-inch tube (fig. 9) through the point (0.0032 second, 0.022 inch) with this slope and extended
upward to the left until it intersected the curve from equation (11), and downward to the
right until it intersected the abscissa 0.0043 second, at which time the by-pass valve was
opened.

Similar computations for the 7-inch injection tube show thaf the compressmn of the oil
column was completed in 0.0006 second and that the pressure in the oil reservoir when the maxi-
mum lift was reached was 7,940 pounds per square inch. The forees with this pressure were
in equilibrium at & lift of 0.024 inch. Consequently a line was drawn starting at the second
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intersection of the curve from equation (11) with the ordinate 0.024 inch and extended down-
ward to the right with the same slope as used for the 43-inch injection tube until it intersected.
the abscissa 0.0043 second. '

The oil force on the seat and end of the stem diminished as the oil flowed through the by-pass
valve, so that the spring forced the stem back to the seat. The stem motion for the closing of the
timing valve can be computed if the rate of pressure drop in the timing valve is known. The ap-
proximate rate of pressuredrop at the stem was obtained as follows, assuming the static oil pressure
throughout the tube was affected instantaneously by the discharge through the by-pass valve:

The motion of the by-pass valve was determined from the cam contour and linkage. An
increment of lift was taken and the average pressure difference was determined for this lift by the
method used for the opening of the timing valve. The amount of oil passed through the by-pass
valvé was calculated by the method used in the Appendix for the timing valve. The average
pressure in the injection tube was obtained from the amount of oil discharged through the
by-pass valve and the amount. of oil passed through the timing valve and through the injection
valve, the average rate of flow through the injection valve being determined experimentally
(Appendix). The procedure was repeated until the computed pressure in the injection tube
was reduced sufficiently to permit the closing of the timing and injection valves. -

The pressure in the oil reservoir at the end of injection determined by this method was

found to be within 1 per cent of the

030 Gooring poriod & = Wiz + 087 S(4.496 118450 observe.d pressure in the reservoir at the
o R A : 4 - end of injection. The results of these
v =t pjection
S.020 g R NN .| . calculations are represented by the short
< VA4 Y ) | dashed lines in Figure 9 and Figure 10.
"\; ool J 4 goéigg gﬁogo/tf 1\l These sections of the curves would have
. - - + : mi ralv
3 / 0383 srf18298) -“ represented .the travel of thg tlml.ng valve
] ’ — - \ stem were it not for the inertia of the
: I i moving parts and the inertia of the oil

N i -
0 00 .002 ﬁheequ eégg:,-s 005 006 007 1o be displaced. They represent the
F1GURE 10.—Computed and setual motion of the stem for the 7-inch tubs., Tnitimt TBLE Of PT essure decrease in the tube..
spring compression, 130 pounds. Infection pressure, 8,000 Ib/sq. in. Inltisl’ The inertia of the oil can be dis-

P e oction vaise tube, 1,000 Ib./sq. fn.  Curve f—oomputed motlon; regarded since it is negligible in con-
parison with the other forces. The
instantaneous lag due to the inertia of the moving parts can be derived from the conditions
at the start of the closing ‘motion and the rate at which the pressure dropped &t the end
of the stem. The forces acting on the stem at the start-of the closing motion were the
hydraulic force and the friction of the stem in its guide, both tending to hold the stem in the
open position, and the spring force tending to move the stem to-the closed position. Using the
same symbols as before, with the exception that f is now the sum of the hydraulic force and the
friction, the equation of the closing motion is

f=Xe+ma (12)

For eny instant, f is equal to C'+ Kt, in which € is the hydraulic force at the beginning
of pressure drop plus the friction, K is the rate of decrease of hydraulic force, and ¢ the time
measured from the beginning of opening of the by-pass valve. Then

2
C+E=re+mls (13)
The complete integral of (13) is ;

s=A'si.n<\/};t)+Bcos<‘/rz\—ﬁ.t)+0—+)\1£t - (i4)

when

Then
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Differentiating equation (14),

ds A by K
& =AJECOS (“ﬂ—%t)%- X

Substituting and solving for 4,

K Im
A“T\X
Substituting in (14)
¢ Kt K m cin

Substituting numericel values and solving for S, the equation of the closing motion of the
timing valve stem with the 13-inch injection tube is

§=0.0214—15 47+ 0.0083 sin (1828¢) . (16)

and with the 7-inch injection tube is

S=0.0232—70¢ + 0.0383 sin (1828¢) U @y

The curves from these equations are plotted as continuations from the abscissa 0.0043 sec-.

ond of curve (e) (fic. 9), and of curve (f) (fig. 10).

The experimental curves (fig. 5) are reproduced in F1gures 9 and 10 for comparison with
the computed curves. The curves indicate that the motion imparted by the oil pressure started
at the same time for both the experimental and computed curves. .
The variation between the computed and experimental curves for the
opening of the valve indicates that the pressure across the seat and
end of the stem increased at a slower rate than was computed. The
curves agree closely for the maximum pressures on the stem eand for
the times and the rates of closing of the valve.

APPLICATION OF THE RESULTS OF ANALYSIS TO AN AUTOMATIC
FUEL-INJECTION VALVE

The opening and closing motion of the spring-loaded stem of an
auntomatic fuel-injection valve can be obtained from the foregoing analy-
sis if the variations of the hydraulic force acting on the stem are known.
Consider an injection valve (fig. 11) of a fuel-injection system for an
oil engine, the pressure in the system being built up directly by 2 cam-
operated fuel pump and released by a by-pass valve. Assume the
following operating conditions:

Heliesl spring force, 40.9 pounds. Frecre 11.—8pring-loaded auto-

Helical spring scale, 1,000 pounds per inch deflection. matie fuel tnjectlon valve

Ares of A normal to stem axis, 0.0153 square inch.

Area at stem seat normal to stem, 0.0123 square inch.

Friction of stem in its guide, 5 pounds.

Hydraulic opening pressure of injection valve, 3,000 pounds per square inch.

Maximum hydraulic pressure, 8,000 pounds per square inch.

Engine speed, 1,000 R. P. M.

Fuel-injection period at full load on the engine, 36° crank-shaft travel, 0.006 second.

Time for pressure to increase from opening pressure of the injection valve to maximum,
0.006 second.

Rate of pressure rise throughout the injection-tube length during the period of injection,
constant (5,000/0.006 pounds per square inch per second), 833,000 pounds per square inch per
second.

Weight of moving parts, 0.04 pounds.

Maximum allowable lift of injection-valve stem, 0.015 inch.
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The hydraulic_opening pressure of 3,000 pounds per square inch in the injection valve,
acting on the annular area A, is sufficient to overcome the spring force and the friction force
of the stem in its guide. The hydraulic force does not. act at-the end of the stem until the stem
has lifted sufficiently for a pressure to build up between the seat and stem. It was shown in this
report, for approximately the same conditions, that the stem rises from the seat about 0.001
inch before the pressure between the seat and stem rises to that in the injection tube. An
equation, therefore, is developed which will give this early part of the stem motion to a lift of
0.001 inch., For this motion, only the hydraulic force acting at the annular area A is con-
sidered; the incressing hydraulic force at the end of the stem during the interval may be
neglected without appreciable error. Equation (15) may be used, since the hydraulic force
varies directly with time and the stem starts from rest. o o

When s is in inches, ('is in pounds, X is in pounds per inch, K is in pounds per second, and
{ is in seconds, m is w/g, where w is the weight of moving parts of the valve in pounds, and ¢
is the gravitational acceleration in inches per second per second. For this valve, C is the

05 -

[ - Opening period :

g /S 0369 + 251 - .0927 sin(30el] ||

§ o0\ —1 = 0/36 cos(3/061) Co

‘% - C/O§lf7 period -

N 051 o[ H064)

5905 . 03 9.t /s faken as.

% 3 _2ero’ az_oae secgnd
LS = 275t - 004/0 Si[3/0

0 o0 002 003 007 005 006 .007
Time, secorids .

FiGURE 12—Computed motlon of & spring-loaded automatic injection valve
stem. Spring scale, 1,000 1b/inch. Weight of moving parts, 0.04 Ib. Open-
ing pressure of injection valve, 8,000 1b./sq. In. Maximum pressure in Injec-
tion tnbe when by-pass valve opened, 8,000 1b7aq. in. Time for static pressure
in injection tube to rise from 5,000 to 8,000 1b./8q. in., 0.008 second. MaxImum
stem lift allowable, 0.018 Inch

hydraulic force on.the area 4 at the beginning of the motion of the stem minus the friction of
the stem in its guide,
C'=0.0153 square inch X 3,000 pounds per square inch—5 pounds=40.9 pounds,

K is the rate at which the hydraulic force acting on the stem is increasing.
K =833,000 pounds per square inch per second X 0.0153 square inch =12,750 pounds per second

Substituting numerical values in equation (15),

_40.9 12750t 12750 [ O. ~0.040 ( \/1000)(386 ' (158)
$=71000" 1000 _ 1000 V 1000% 386 " 0. 040 a
s=0. 0409 + 12. 75t— 0. 00410 sin (3106¢), (15b)

where ¢ is the compression of the spring in inches. The stem lift S is s minus the initial com-
pression of the spring or s—0. 0409 inch. Then,

§=12.75t—0. 00410 sin (3106¢) . (18)

The curve of this equation (fig. 12) shows that the lift of 0.001 inch is reached in 0.00037
second. The increase of pressure in . the system for this interval of time is 308 pounds per
square inch,
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The hydraulic force acting on the stem during the remsinder of the motion is that acting
at the annular area 4 and at the end of the stem. Equation (14) is applicable to this part
of the motion,

s——+-——+A m<\/ )+B cos (\/:) (14) "

in which ¢, is 0 when {=0. 00037 second. The hydraulic pressure is now acting on the entire
area of the stem.
Therefore,

('=3,308 pounds per square inch (0.0153+0.0123) square inch—5 pounds=86.3 pounds.
K =833,000 pounds per square inch per second (0.0153+0.0123) square inch=23,000 potnds
per second .

The constants of integration in equation (14) are determined from the known initial
conditions of this part of the motion. When # =0, s=0.042 inch. Substituting these values
in equation (14) and solving for the constant B,

86.3

0. 042=1500

——=40+A sin (0)+ B cos (0)
=—0. 0443

Further, when {=0, %: the velocity, is that which is obtained by differentiating equation
1
{15b) with respect to £,

‘(iii a@t [0. 0409 + 12. 75¢—0. 00410 sin (3106¢)] ' (19)
%3=12. 75—0.00410X 3106 cos (3106%) . (192a)
When ¢=0. 00037 second, g—t—'f 56 inches per second—gtf for ti=0. Differentiating equation

(14) to determine the other constant of integration,

gz =V mXA cos (-\/ fx) B sin (\/7t1)+ {20)

Substituting nimerical values and solving for the constant A, when =0,
23000

7.56=3106 X A cos (0)—3106%0.0443 sin (0) +=F~= 1000 S (208.)
A =—0.00497
The equation for this part of the motion becomes,
#=0.0863 +23t;—0.00497 sin (3106t;) —0.0443 cos (3106t%,) (21)

=0 when {=0.00037 second, or # =(t—0.00037) second.
Substituting in equation (21),

&=0.0863 +23(—0.00037) — 0.00497 sin [3106 (¢ —0.00037)] —0.0443 cos
[3106 (¢ — 0.00037}] (22)

§=0.077T8 +23t—0.0424 sin (3106¢)—0.0136 cos (3106%) (22a)
The stem motion S is (s—0.0409}.

S=0.0369 +23¢—0.0424 sin (3106¢)—0.0136 cos (3106¢) (23).
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The curve (fig. 12) of this equation shows that the maximum lift-of 0.015 inch was reached
in 0.0006 second and that the time of opening for this valve is 10 per cent of the injection period
at full load on the engine. The bouncing of the stem against the stop is neglected.

The by-pass valves ordinarily employed in the fuel injection systems for oil engines open so
rapidly that little error is introduced in the computations for the closing motion of the auto-
matic injection valve stem if it is assumed that the pressure at the valve drops to zero instan-
taneously. The only force resisting the spring during the closing motion of the stem is the
friction of the stem in its guide. Consequently equation (12) represents this part of the motion
The complete integral of equation (12} is

§=4 sin (\/—t,)+B cos <\/ tg) o | | (24)

For convenience in the. computations, # is taken as zero at the start of the closing
motion. Then, when #;=0, $=0.056 inch. Substituting in equation (24),

5
0.056 =A sin (0)+ B cos (0)+1000

B=0051 . = . e

Also, when f,=0, gt =0, le‘ferentmtmg equatlon (24) with respecb to t,,

v == (Vae)- \/_ Bein (4[24 2s)

Substituting numerical values,

0=3106X A cos(0)—3106X B sin(0)
A=0

Substituting in equation, (24)

8=0.051 cos (3106¢;) + 0.005 N (26)
" The equation for the movement of the stem is.
8=0.051 cos (3106t,) —0.0359 (27)

The curve of equation (27) (fig. 12) shows that the injection valve stem returned to its
seat in 0.00025 second. The velocity with which the stem came against its nozzle seat is

found by differentiating equation (26) with respect to ¢; and solving for g;; for £,=0.00025
second. The value abtained is 9.3 feet per second.
CONCLUSIONS

Experiment and analysis indicate that during the operation of an injection system em-
ploying an automatic injection valve the rate of oil pressure variations in the injection tube
and valve differ considerably for different lengths of tubes. For the injection system and the
pressure conditions investigated in this work, the analysis, substantiated by experimental
results, shows that when a 43-inch injection tube with a one-eighth-inch bore was used the
compression of the oil column in the tube was not completed until 0.0028 second after the timing
valve started to open, while when a 7-inch injection tube of the same bore was used the time
to complete the compression was 0.0003 second. After the opening of the by-pass valve, the
pressure in the injection tube was reduced to the closing pressure of the timing valve 0.001 second
earlier, and the timing valve closed 0.0005 second earlier with the 7-inch tube than with the 43-
inch tube, although the by-pass valve opened at the same time for both tubes.
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The results of an analysis based on the flow of & liguid between two parallel planes show
that the hydraulic-pressure variation between the seat and stem of a fuel needle valve for very
small lifts is given by the equation:

o 3V D)
p=P 23 cos? a

where p=hydraulic pressure on the conical surface of the seat for any lift k at distance ! from the
apex of the cone which is formed by extending the conical surfaces.
P =pressure at the large circumference of the seat.
1 =viscosity of the fuel oil.
V' =velocity at which the stem is lifted from its seat.
k=stem lift or opening between the seats, measured along the stem axis.
a=angle the conical surfaces of the seat make with a plane perpendicular to the stem axis.
l;=distance from apex of cone to its base, measured along the conical surfaces.
For the conditions of operation of the timing valve employed in these tests the pressure p

at the smallest circumference of the timing valve stem reached 97.5 per cent of the pressure P
when the stem had lifted approximately 0.001 inch.

The results of an analysis of the forces acting on the timing valve stem when its motion is
controlled by the hydraulic force of the fuel oil show that the motion of the stem is given by
the equation:

f= )\s-l-mg—s,

where f=hydraulic force on the stem at any time ¢ seconds after the motion started plus or
minus the friction of the stem in its guide.

A=scale of the spring.
s=distance spring is compressed in ¢ seconds after motion started.
m=mass of moving parts.

Relations for the lift of stem with time may be obtained from this equation for any particular
hydraulic pressure variations.

The results of the analysis of the pressure variations and the equations of motion presented

in this report for the timing valve are applicable to spring-loaded automatic injection valves,

and in general to all hydraulically operated valves.

LangLEy MEMORIAL AERONAUTICAL LABORATORY,
Natroxar. Apvisory COMMITTEE FOR AERONAUTICS,
LaneLEY FieLp, Va., December 26, 1928.
104897—80——38






APPENDIX

COMPUTATIONS OF THE PRESSURE IN THE INJECTION VALYE TUBE AT COMPLETION OF COM-
PRESSION OF THE OIiL IN THE INJECTION TUBE AND OF THE TIME TO COMPLETE THIS
COMPRESSION

Before the pressure in the injection tube approximates that of the oil reservoir, sufficient oil
flowed through the timing valve for the compression of the oil column in the injection valve tube,
the expansion of the tube walls, and the discharge through the injection velve. The compres-
sion of the Diesel oil in the 43-inch injection tube was computed to be 0.0132 cubic inch for the
increase in pressurs of 7,000 pounds per square inch. These computations were based on data
given in reference 4. The volume supplied for the expansion of the tube wells was computed
to be 0.0006 cubic inch. The volume discharged through the injection velve during the interval
of compression was the product of the average rate of discharge and the interval of time the
injection valve was opened. The average rate of discharge from this valve under the test con-
ditions was found by experiment to be 1.99 cubic inches per second. Experiments made in this
laboratory showed that with the 43-inch tube and the conditions assumed here the injection valve
opened 0.0015 second after the timing valve started to open. The volume discharged through
the injection valve was (2—0.0015) -1.99 cubic inches, where ¢ is the time required to raise the
pressure in the injection tube to the maximum value.

The time ¢ can be obtained from the equation

TtA=C ' 1)
where v = average velocity through the timing valve.
f=time required to raise the pressure in the injection tube to that of the oil reservoir.
A =average area of opening of timing valve, 0.004 square inches for a lift of 0.026 inch.
C=volume discharged through timing valve during completion of compression in the
injection valve tube.

v10.004=0.0132+0.0006 +1.99 (¢—0.0015} {la}

The average velocity of flow is obtained by equating the loss of strain or resilient energy
per unit weight of the oil in the oil reservoir to the kinetic energy per unit weight into which
it was transformed as it flowed into the tube. The resilient energy per unit weight which is
stored in a liquid, and which is transformed into kinetic energy as the pressure is released, can
be found by considering a liquid volume of & unit weight that is subject to a pressure which

decreases by an amount p. From the unit strain and unit stress relation %=%,
B . .
p="2 o (@
where £=change in volume for the change in stress 7,
B=original volume or 1/p for unit weight, p being the density of the fluid,
K =Dbulk modulus of the fluid, which varies but little for the pressure range considered.
The change of volume is —

=2 _
ﬁ_ Ep (28')'
587
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The differential energy released per unit weight for a differential pressure change is

1
dE=5 pdp (3)

Integrating equation (3) between the limits p, and 7, the total energy released is

2Kp . )
Equating the loss in resilient energy per unit weight to the kinetic energy per unit weight,
propl o o ®)

2Kp %g

where p, is the pressure in the oil reservoir, p; is the pressure in the injection tube, and v is the
velocity through the timing value at any time during the flow. The dissipation of energy due to
the viscosity of the oil has been neglected since little is known of internal losses in the oil at the
high pressures considered. The small deviation between the computed curve for the closing
of the valve and the experimental curve indicates that the effect of the viscous dissipation of

energy is smell. Solving (5) for o _
?J=\/ 2KP 1 ) . . . (58.)

The average velocity is = . ~

1 :
[ pxpdv (6)

=

Differentiating equation (5a), substituting in equation (6), and integrating between the limits

P2=8,000 pounds per square inch and p,=1,000 pounds per square inch, the average velocity
is found to be 121 feet per second. Substituting in equation (1a).

t{=0.0028 second

The compression of the oil in the injection tube was completed 0.0028 second after the
timing valve stem left the ssat. The total time from the beginning of the stem motion was 0.0028
secand plus 0.00039 second, or 0.0032 second. The total oil volume that left the oil reservoir
during this time was 0.0132+0.0006 + 1.99 (0.0028 —0.0015)=0.0164 cubic inch. This reduced
the pressure in the oil reservoir to 7,830 pounds per square inch.
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